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Abstract: Recently, it was argued that an observer falling towards a sufficiently old 
black hole encounters a firewall at the horizon. This would amount to a gross viola- 
tion of the equivalence principle in low-curvature regions. However, in this argument, 
the infalling observer's description is informed by a distant observer's ultimate recov- 
ery of a pure state in the Hawking radiation. This assumes a global viewpoint and 
manifestly conflicts with observer complementarity. The infalling observer will find the 
early Hawking radiation to be consistent with unitary evolution. But he cannot verify 
the eventual complete purification of the outside state by the Hawking radiation that 
remains to be produced by the black hole he enters; this is operationally possible only 
for the outside observer. Thus, the absence of a firewall is self-consistent in the in- 
falling causal diamond, and the equivalence principle need not be sacrificed to preserve 
unitarity. 
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1 Complementarity 

The equivalence principle requires that a free-falling observer can approximate space- 
time as Minkowski space for the purpose of describing local physics. This approxi- 
mation should be good on distance and time scales small compared to the curvature 
radii encoded in the Riemann tensor. In particular, it should apply to an infalling 
observer crossing the horizon of a Schwarzschild black hole, on scales shorter than the 
Schwarzschild radius, r^. 

Naively, the equivalence principle conflicts with the unitary description of black 
hole formation and evaporation by an distant observer [1]. To the distant observer, 
the black hole appears as an object or membrane located at the stretched horizon. 
It has specific mechanical and electric properties that can be established by lowering 
probes. Unitarity requires that the horizon has exp(y4/4) quantum states; that it stores 
the information about what formed the black hole; and that it eventually releases this 
information into radiation as it evaporates. 

In fact, there is no conflict at any operationally meaningful level [1, 2]. An observer 
who free-falls through the horizon cannot send a message to the outside observer to 
report that no membrane or other physical object is located at the horizon. And the 
outside observer, by definition, has no opportunity to examine how the horizon behaves 
when one falls in. Each observer's experiments admit a consistent description, but a 
simultaneous description of both observers is inconsistent. This implies a fascinating 
conclusion which I will call observer complementarity. 

Observer complementarity is the statement that a fundamental description of Na- 
ture need only describe experiments that are consistent with causality. This principle 
can be applied to arbitrary spacetimes. To maximize the region that can be causally 
probed, one may idealize the observer as an inextendible worldline. The region he can 
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Figure 1. The causal diamond of an infalling (outside) observer is shown in red (blue); 
the overlap region is shown purple. Observer complementarity is the statement that the de- 
scription of each causal diamond must be self-consistent; but the (operationally meaningless) 
combination of results from different diamonds can lead to contradictions, (a) Unitarity of 
the Hawking process implies that the original pure state ^ is present in the final Hawking 
radiation. The equivalence principle implies that it is present inside the black hole. If we 
consider both diamonds simultaneously, then these arguments would lead to quantum xerox- 
ing. However, no observer sees both copies, so no contradiction arises at the level of any 
one causal diamond, (b) Unitarity implies that the late Hawking particle B is maximally 
entangled with the early radiation A (see text for details). At the earlier time when the mode 
B is near the horizon, the equivalence principle implies that it is maximally entangled with 
a mode C inside the black hole. Since B can be maximally entangled only with one other 
system, this constitutes a paradox. However, no observer can verify both entanglements, so 
no contradiction arises in any single causal diamond. Therefore, it is not necessary to posit 
a violation of the equivalence principle for the infalling observer. 

probe is the causal diamond [3], the intersection of the past and future of the world- 
line. Observer complementarity implies that there must be a theory for every causal 
diamond, but not necessarily for spacetime regions that are contained in no causal 
diamond. 

Consider a causally nontrivial geometry, such as a black hole or cosmological space- 
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time. It contains many inequivalent causal diamonds, and each must admit a consistent 
description. In particular, the physics in the overlap region between two causal dia- 
monds must admit a consistent description in each diamond that it is part of. However, 
the descriptions of two distinct causal diamonds need not be mutually consistent, since 
such inconsistencies cannot be verified by any observer. 

Observer complementarity resolves not only the contradiction between the mem- 
brane paradigm and the equivalence principle, but also the more subtle paradox re- 
sulting from the apparent xeroxing of quantum information by a black hole [1, 2] (see 
Fig. la). Under the plausible assumption that the horizon is a "fast scrambler", the 
restriction to a causal diamond is just barely strong enough to protect the linearity of 
quantum mechanics [4] . These results, along with evidence for unitarity of the Hawking 
process [5], support observer complementarity as a fundamental principle of quantum 
gravity. (It is interesting that the same restriction also yields a promising measure 
for eternal inflation [6]. See, e.g., Refs. [7-9] for other examples and applications of 
observer complementarity.) 

Complementarity vs. mapping I use the term "observer complementarity" , since 
the more standard term "black hole complementarity" is sometimes taken to imply 
a mapping between the description of the black hole interior and the entire Hawking 
radiation. This distinction is crucial for the analysis of the firewall paradox [10]. (I will 
review the paradox in Sec. 2.) If there was such a map — if the fundamental description 
of the infalling observer involved only a reorganization of the degrees of freedom in the 
final Hawking cloud — it would invalidate the resolution that I will propose in Sec. 3. 
Another way of saying this is that the thought-experiment of Ref. [10] rules out either 
a description of the infalling observer in terms of reorganized Hawking cloud degrees 
of freedom, or the equivalence principle. 

I regard the infalling-obsever-to-Hawking-cloud map as the less well established of 
these alternatives. It is not compellingly motivated, since observer complementarity 
alone is sufficient for the resolution of all previously known paradoxes. In some special 
cases, the infalling and the outside diamond contain the same matter at early times, 
before the black hole forms. But at late times, a mapping can only be approximately 
constructed by semi-classical evolution. It has not been established at any fundamental 
level. Indeed, so far we lack a fundamental theory of the infalling observer. 

In referring to the black hole interior in its entirety, a mapping actually conflicts 
with observer complementarity. The interior of a black hole does not flt into any one 
causal diamond. There are many inequivalent infalling observers, distinguished by their 
endpoints on the singularity. In general, no single one of them can see all the matter 
inside the black hole. 
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There is another, more formal reason to define complementarity in term of a re- 
striction to the causal diamond: a mapping between the interior and exterior of a black 
hole does not admit a natural generalization to arbitrary spacetimes. The restriction to 
a causal diamond, by contrast, is covariantly defined for arbitary worldlines in arbitrary 
spacetimes. This is important, because either definition of complementarity forces us to 
abandon the global description of asymptotically fiat or AdS black hole solutions; and 
it seems implausible that such a radical conclusion could be confined to the context of 
such a special class of solutions. The situation is similar to the equally surprising holo- 
graphic entropy bounds, which were discovered in the context of black holes [11, 12], 
but whose fundamental significance would be much diminished if they did not admit 
a general formulation far from this regime, in arbitrary spacetimes [13, 14]. (In fact, 
there is a close relation. Entropy bounds imply, for instance, that there cannot be a 
mapping between the finite amount of data inside a cosmological black hole and the 
arbitrarily large amount of data in the rest of spacetime.) 

2 The Firewall Argument 

Almheiri, Marolf, Polchinski and Sully (AMPS) [10] have proposed a very subtle 
thought-experiment. A Schwarzschild black hole forms from a pure quantum state 
and is allowed to evaporate more than half of its entropy into what we will call the 
early Hawking radiation, A. Assuming unitarity. Page [15] has shown that A is maxi- 
mally entangled with what remains of the black hole, and thus, with the "late" Hawking 
radiation that will be produced as the black hole completes its evaporation. Let B be 
one of the quanta of the late Hawking radiation; it, too, must be maximally entangled 
with A. (By maximal entanglement, I mean that the von Neumann entropy of the 
reduced density matrix is equal to the log of the dimension of the Hilbert space of the 
smaller subsystem.) 

We take i? to be a wavepacket with characteristic size and wavelength rs far from 
the black hole. In keeping with the standard lore of black hole complementarity, we 
assume that quantum field theory is valid outside the stretched horizon. Thus, we are 
permitted to follow B back towards the horizon, where it will be blueshifted. This is 
valid as long as its wavelength remains larger than the Planck scale. 

Now consider an observer who jumps into the black hole after A has been emitted. 
The equivalence principle requires that nothing special happens to the observer as he 
crosses the horizon. In particular, this means that locally, he should find quantum 
fields (at least, sufficiently short wavelength modes) to be in the Minkowski vacuum. 
In this state, modes with support inside the black hole are maximally entangled with 
modes with support outside the black hole [16]. In particular, this requires that B be 
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maximally entangled with some mode C inside the black hole. But we have already 
established that B is maximally entangled with the early Hawking radiation, which is 
far outside the black hole. This contradicts the strong subadditivity of entanglement 
entropy; a system cannot be maximally entangled with two different additional systems. 

This leads to a new type of apparent paradox. Either (1) B is not entangled with 
A, so that unitarity is violated for the outside observer; or (2) quantum field theory 
breaks down already at distances greater than the Planck length from the horizon; or 
(3) B is not entangled with C, so that the equivalence principle is violated for the 
infalling observer. AMPS advocate option (3) as the most conservative choice. 

We are free to choose S to be a Hawking particle which is close to the horizon, 
with wavelength not much greater than the Planck length, at the time when the ob- 
server crosses the horizon, so option (3) implies that the infalling observer encounters 
extremely energetic quanta near the horizon. More generally, the absence of correla- 
tions across the horizon implies an admixture of the Rindler or Boulware vacuum and 
leads to a divergent stress tensor near the horizon. Thus, AMPS conclude that infalling 
observers burn up at the horizon — the horizon constitutes a "firewall" . 

In a follow-up paper [17], Susskind argues that the firewall resides at the apparent 
horizon, not the event horizon; but either way, the equivalence principle would be 
drastically violated in a low-curvature region. AMPS argue that the timescale for the 
formation of the firewall is the scrambling time, of order MlogM, whereas Susskind 
favors the Page time, of order M^, where M is the mass of the black hole. I use 
Planck units throughout, so one sees that the Page-time (the time it takes for half 
of the Hawking radiation to be produced) is much larger. But again, either way, the 
equivalence principle would have to be abandoned. This is a very dramatic claim that 
should be carefully weighed against all alternatives. 

Susskind argues that the firewall alone cannot resolve the xeroxing paradox; ob- 
server complementarity is still required for this purpose. However, the argument of 
AMPS would imply that observer complementarity is not sufficient to rescue the equiva- 
lence principle for the infalling observer. It would be remarkable if the most straightfor- 
ward motivation for a principle turned out to be false while the principle itself remained 
necessary for more subtle reasons. 

I will now argue, however, that the AMPS argument conflicts with observer com- 
plementarity, and that observer complementarity is sufficient to uphold the equivalence 
principle in the process described above. 
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3 Resolution 



The AMPS argument involves a step which is worth stating in some detaiL Let A' 
be the portion of the Hawking radiation (assumed to be less than half) that will be 
received by the distant observer after the infalling observer has crossed the horizon. 

• In its entirety, the Hawking radiation received by the distant observer is pure: 
Saa' = 0. 

• Therefore A' is maximally entangled with A. 

• In particular, the subsystem B of A' is maximally entangled with A. 

In the causal diamond of the outside observer, these statements can be operationally 
verified, and I assume here that they are correct [4, 5, 15, 18]. However, the first two 
statements have no operational meaning in the causal diamond of the infalling observer, 
so the third cannot be inferred by him. (See Fig. lb.) 

Unitarity of the S-matrix (an outside observable), together with consistency in the 
overlap of the causal diamonds, requires that both observers find the early Hawking 
radiation A to be consistent with unitary evolution. This implies that the entropy 
of the Hawking radiation will have maximally decreased with every emitted Hawking 
quantum between the Page-time and the time the infalling observer parts ways and 
jumps in. 

Let us follow the infalling observer. He relinquishes the possibility of measuring 
A', and thus, the full S-matrix. The purity of A A' cannot be verified by the infalling 
observer, and so need not part of the theory of the infalling diamond. (As I have argued 
in Sec. 1, complementarity does not imply that the infalling observer has access to a 
scrambled version of the entire Hawking cloud; if he did, the previous sentence would 
be false.) Thus, the infalling observer is free to claim that B is not entangled with 
A. After crossing the horizon, he can conclude that B is maximally entangled with C 
without running into a contradiction. The fundamental infalling theory^ (whatever it 
may be) need not predict a firewall, and so it can be well approximated by semiclassical 
gravity in the low-curvature environment of the horizon. The equivalence principle need 
not be abandoned. 

Now consider the outside observer. He will receive the remaining Hawking radiation 
A'. He can verify the prediction of the outside diamond's theory, the S-matrix: that 

^ Since later infalling observers observe more Hawking quanta before falling in, and since those 
observations must be consistent with unitarity of the full S-matrix, there must be a different theory 
for each infalling causal diamond. As discussed in Sec. 1, this is precisely what one expects from 
observer complementarity. 
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the entire Hawking process is unitary; that A' is maximally entangled with A, and that 
B and A are so entangled. By definition, he has no way of examining how the horizon 
behaves under free-fall, and so he is free to claim that B is not entangled with any 
other system, rendering his conclusion self-consistent. Unitarity of the S-matrix need 
not be abandoned. 

Each observer experiences something the other cannot verify, by causality: unitarity 
of the full S-matrix, and harmless free-fall through the horizon. AMPS have shown that 
these two observations are not consistent. By observer complementarity, they need not 
be, since each causal diamond contains only one of them. 

Perhaps the infalling observer can send a signal reporting the absence of drama at 
the horizon to the outside observer. This would establish a true contradiction in the 
outside diamond. I do not expect that this is possible any more than the reporting of 
the absence of a membrane [19], but it deserves further investigation. 

In conclusion, AMPS have argued that the following statements cannot all be true: 

1. Hawking radiation is in a pure state. 

2. The information carried by the radiation is emitted from the region near the 
horizon, with low energy effective field theory valid beyond some microscopic 
distance from the horizon. 

3. The infalling observer encounters nothing unusual at the horizon. 

This is correct. But at late times, the first two statements can only be verified by the 
outside observer; the third only by the infalling observer. Thus, the contradiction can 
be resolved by abandoning (1) [or (2), for that matter] for the inside observer, and (3) 
for the outside observer. The latter is perhaps uncontroversial at least among those 
who believe in the unitarity of the S-matrix: from the outside viewpoint, the infalling 
observer gets thermalized by the membrane. But the former is even more innocuous, 
since the full S-matrix is not an observable for the infalling observer in the first place. 

The AMPS thought-experiment is a beautiful diagnostic for what complementarity 
requires, and it supports the general arguments reviewed in Sec. 1. The key statement 
of complementarity is not that the infalling observer's description must be a scrambled 
version of the Hawking cloud, or that spacelike separated operators on global slices do 
not commute. Such claims go both too far (in that they are not necessary for the reso- 
lution of any paradox) and not far enough (in that they retain the global viewpoint and 
its operationally meaningless consistency requirements, inviting the firewall paradox). 
The essence of complementarity is that it is wrong to the require consistency between 
the physical description of different causal diamonds, since no experiment can probe 
both. 
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